Vech, Daniel; Szego, K.; Opitz, A.; Kajdic, P.; Fraenz, M.; Kallio, Esa; Alho, Markku Space weather effects on the bow shock, the magnetic barrier, and the ion composition boundary at Venus Space weather effects on the bow shock, the magnetic barrier, and the ion composition boundary at Venus Abstract We present a statistical study on the interaction between interplanetary coronal mass ejections (ICMEs) and the induced magnetosphere of Venus when the peak magnetic field of the magnetic barrier was anomalously large (>65 nT). Based on the entire available Venus Express data set from April 2006 to October 2014, we selected 42 events and analyzed the solar wind parameters, the position of the bow shock, the size and plasma properties of the magnetic barrier, and the position of the ion composition boundary (ICB). It was found that the investigated ICMEs can be characterized with interplanetary shocks and unusually large tangential magnetic fields with respect to the Venus-Sun line. In most of the cases the position of the bow shock was not affected by the ICME. In a few cases the interaction between magnetic clouds and the induced magnetosphere of Venus was observed. During these events the small magnetosonic Mach numbers inside magnetic clouds caused the bow shock to appear at anomalously large distances from the planet. The positions of the upper and lower boundaries of the magnetic barrier were not affected by the ICMEs. The position of the ICB on the nightside was found closer to the planet during ICME passages which is attributed to the increased solar wind dynamic pressure.
Introduction
The induced planetary magnetosphere is the result of the interaction between the streaming solar wind plasma and an unmagnetized planetary body with an ionosphere acting as an obstacle. The upstream supersonic solar wind flow abruptly slows down ahead of the obstacle, and this process leads to the formation of a bow shock, which is a magnetohydrodynamic (MHD) discontinuity.
In the case of Venus, the size of the effective obstacle against the solar wind is determined by the altitude of the ionopause and the magnetic barrier. The magnetic barrier is the region of the induced magnetosphere in which the magnetic pressure dominates all other pressure contributions. The magnetic barrier forms in the dayside magnetosheath. It transfers the solar wind momentum to the ionosphere via increased magnetic pressure [Zhang et al., 1991] . The upper boundary of the magnetic barrier is located at the altitude where the solar wind dynamic pressure is equal to the magnetic pressure in the induced magnetosphere [Zhang et al., 2008a] . Here and later in the paper the solar wind dynamic pressure refers to the total dynamic pressure which is defined as ρv 2 , where ρ denotes the solar wind mass density and v is the solar wind velocity. An additional boundary layer can be defined based on the plasma measurements. The ion composition boundary (ICB) is defined as the inner boundary of the magnetosheath, and it is characterized by significant heavy ion fluxes and a sudden decrease in the number density of the solar wind protons [Martinecz et al., 2008] .
The location of the Venusian bow shock is controlled by time-varying external conditions such as the magnitude and direction of the interplanetary magnetic field (IMF) and the velocity, density, and temperature of the solar wind. The position of the ICB is mainly controlled by the solar wind dynamic pressure [Wei et al., 2012; Angsmann et al., 2011] .
The purpose of this study is to investigate the interaction between the plasma environment of Venus and interplanetary coronal mass ejections (ICMEs) when the magnetic field magnitude of the Venusian magnetic barrier is anomalously large. We analyze the ICMEs that cause these unusually high magnetic VECH ET AL.
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field intensities in the induced magnetosphere, and we discuss the plasma properties of the magnetic barrier, the position of the bow shock, and the ion composition boundary during these events.
ICMEs are large-scale plasma structures ejected from the Sun that drive the space weather conditions in the inner heliosphere. They cause drastic changes in the direction and magnitude of the IMF and the solar wind parameters. Their effect on the terrestrial planets is significant and is in the focus of the space physics community.
The effects of the ICMEs on the induced magnetosphere of Venus were discussed by several authors in recent works [e.g., Luhmann et al., 2008; Zhang et al., 2008b; Edberg et al., 2011] . It was found that ICMEs can largely modify the polarity of the induced magnetosphere, enhance the ion heating processes, and cause increased ion loss rate. According to the observations of Zhang et al. [2008b] , based on a single case study of the Venus-ICME interaction, the magnetic barrier also showed unusual feature: the magnitude of the magnetic field in this region was over 90 nT during the passage of the ICME, which is nearly twofold increase compared to its average value.
The structure of a typical fast ICME consists of the magnetic cloud, the shock front, and a sheath region between them. The first indicator of the arrival of the fast ICME at the spacecraft is the ICME shock observation. The ICME shock is followed by the sheath region, which contains heated and shocked solar wind plasma. Often several hours after the arrival of the ICME-driven shock, the so-called magnetic cloud, which can be considered a substructure of the ICME, is detected [Kilpua et al., 2013] . Magnetic clouds were first observationally defined by Burlaga et al. [1981] as solar wind structures with higher than average magnetic field magnitudes, smooth large-scale rotations of the magnetic fields, and diminished proton temperatures. They are often associated with low proton densities [Leamon et al., 2002] . From statistical studies at the orbit of Earth, one third of the ICMEs show the signatures of a magnetic cloud [Gosling, 1990] .
Anomalous positions of the Venusian bow shock were first observed by Russell and Zhang [1992] during times when the solar wind Mach number was low. A later study of the anomalous Venusian bow shock position was carried out by Zhang et al. [2008b] , who focused on a single event. These authors reached the conclusion that distant bow shock crossings during the passage of ICMEs are due to the low bow shock magnetosonic Mach number during that time. The position of the ICB in tenuous solar wind (solar wind density below 0.2 cm À3 ) was studied by Wei et al. [2012] , and it was found that the ionosphere formed a teardrop shape in this case and its altitude increased both on the dayside and on the nightside. These observations were explained by the combined effect of enhanced source (transterminator flow) and reduced sink (ion loss into the interplanetary space) in tenuous solar wind. This study shows that the ion composition boundary is responsive to the solar wind dynamic pressure.
In the early age of the exploration of Venus, it was shown that the distance of the bow shock is very sensitive to the EUV flux from the Sun and that it correlates well with the solar cycle [Slavin et al., 1979] . During the solar minimum in 1976, the Venera 9/10 spacecraft detected the bow shock at an average of 2.14 Venus radii (R V ) in the terminator plane, while 3 years later near the solar maximum, the Pioneer Venus Orbiter detected it at an average of 2.4 R V [Russell et al., 1988] . The reasoning for this dependence is that during the solar maximum, the higher EUV flux heats the atmosphere and increases the altitude of the ionopause, which in turn creates a larger obstacle leading to the observed changes in the bow shock position [Russell et al., 1988] .
The dependence of the position of the bow shock on the direction of the IMF is discussed by Alexander and Russel [1985] . According to their findings, the bow shock is closer to the planet when the direction of the IMF and the solar wind velocity vector are parallel or antiparallel. On the other hand, when these vectors are perpendicular, the shock is farther away from the planet. Zhang et al. [2009] offered the following explanation for this: during the times when the interplanetary magnetic field is nearly aligned with the solar wind flow, the magnetic barrier disappears and the size of the obstacle decreases, thus causing the bow shock to occur closer to the planet. In a recent study, Chai et al. [2014] found that the bow shock distance highly depends on the magnitude of the IMF and its tangential component (B tan ) with respect to the Venus-Sun line. The study showed that the bow shock distance at the terminator increases with increasing IMF magnitude and that there is a linear relationship between the B tan and the distance of the bow shock.
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From the MHD point of view, the bow shock is a fast magnetosonic wave propagating toward the Sun and away from the planet in the solar wind reference frame. The position of the bow shock highly depends on the ratio of the solar wind velocity and magnetosonic velocity. The importance of the magnetosonic Mach number (M ms ) is discussed by several authors [e.g., Farris and Russell, 1994; Edberg et al., 2010] . The average M ms at the nose of the Venusian bow shock is approximately 5 [Russell et al., 2006] . According to Edberg et al. [2010] , the distance of the Venusian bow shock from the planet is inversely proportional to the upstream magnetosonic Mach number.
The solar wind dynamic pressure on the Venusian bow shock has also been investigated by several authors [e.g., Martinecz et al., 2008; Edberg et al., 2010; Russell et al., 1988; Zhang et al., 2004] . It was concluded that the solar wind dynamic pressure plays only a minor role in the position of the bow shock at Venus. Martinecz et al. [2008] even stated that during solar minimum, the bow shock is insensitive to the solar wind dynamic pressure.
The paper is organized as follows: in section 2 we summarize the instrumentation of Venus Express, STEREO, and Solar Heliospheric Observatory (SOHO) spacecraft. In section 3, the event selection method is discussed.
In section 4 we present one of the analyzed events in details. Section 5 presents the list of the investigated ICMEs. Sections 5.1, 5.2, 5.3, and 5.4 focus on the statistical analysis of these 42 events, where we discuss the solar wind parameters, the position of the bow shock, the properties of the magnetic barrier, and the position of the ion composition boundary during ICME passages, respectively. Finally, we present the discussion along with our conclusions in sections 6 and 7.
Instrumentation
We used the in situ observations made by the Venus Express spacecraft in order to study in detail the plasma environment near the planet. The Venus Express (VEX) spacecraft is the first European mission sent to Venus [Svedhem et al., 2007; Titov et al., 2006] . It was launched on 9 November 2005 and reached Venus on 11 April 2006. VEX made measurements from an elliptic polar orbit with 24 h period. The distance of the apocenter was 66,000 km, and the pericenter altitude was maintained in the range of 250-350 km. During the aerobraking campaign between 17 May and 12 June 2014, the pericenter altitude was allowed to decrease to 132 km, and the orbital period was reduced to 22.5 h [Svedhem, 2014] . VEX carried seven instruments on board. Here we use the magnetic field measurements from the Magnetometer (MAG) and the plasma data from the Analyzer of Space Plasmas and Energetic Atoms version 4 (ASPERA-4) instrument package.
The ASPERA-4 includes four detectors: the Ion Mass Analyzer (IMA), the Neutral Particle Imager, the Neutral Particle Detector, and the Electron Spectrometer (ELS) [Barabash et al., 2007] . In our study, only data from the ELS electron and IMA ion instruments were used.
The ELS experiment detects electrons with energies in the range of 0.01-15 keV/charge, and its energy resolution (ΔE/E) is 0.07. Normally, ELS measures only a two-dimensional cut of the distribution function, but since the electron distribution is usually gyrotropic, the two-dimensional cut allows an extrapolation to the full distribution of the density and temperature. We used the electron moments described by Fraenz et al. [2006] for the electron temperature data, which was an input parameter for the magnetosonic Mach number. The magnetosonic Mach number was derived from the following equation:
Here v sw is the solar wind proton velocity, V A = B/(ρμ 0 ) 1/2 is the Alfvén speed, and V S = (ϒ p/ρ) 1/2 is the sound speed. The B denotes the magnetic field; ρ the solar wind mass density; μ 0 the permeability of vacuum; ϒ = 5/3 is the ratio of specific heats; and p = n k B (T e + T i ) is the thermal pressure of the solar wind, where n denotes the density of the solar wind, k B the Boltzmann constant, and T e and T i are the electron and ion temperatures, respectively. For the dynamic and thermal pressure calibration it was assumed that the ratio of the alpha particle and proton number density is 0.04 [Edberg et al., 2010] .
The IMA experiment is capable of detecting ions with energies in the range of 0.01-36 keV/charge with the energy resolution of ΔE/E = 0.07. The time resolution is 192 s, and the field of view is 90°× 360° [Barabash et al., 2007] . Here we use the proton temperature, proton density, the energy spectrograms for heavy ions and protons, and the derived proton velocity (vector components).
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The MAG experiment is a triaxial fluxgate magnetometer made of two sensors which are operating continuously. The standard operation mode of both sensors is 1 Hz. One hour before the pericenter, the instrument is switched to fast mode which enables 32 Hz sampling rate. This operation mode is switched off 1 h after the pericenter. The instrument is set to burst mode of 128 Hz, 1 min before pericenter, and it lasts for 2 min [Zhang et al., 2006] .
In addition to the in situ VEX measurements, we use the coronagraph images of the Solar Terrestrial Relations Observatory (STEREO) A and B and the Solar Heliospheric Observatory (SOHO) spacecraft to confirm that the observed changes in the plasma and magnetic field parameters at the Venus orbit are associated with ICME passages. The STEREO spacecraft were launched in 2006 and are orbiting the Sun at approximately 1 AU in opposite directions. Since then, they have been providing great detailed observations of solar flares, CMEs, ICMEs, corotating interaction regions, and solar wind parameters at two vantage points [Kaiser et al., 2008] . The SOHO spacecraft was placed into the L1 Sun-Earth Lagrangian point in 1995 and has continued to reliably observe the solar atmosphere since its insertion [Domingo and Poland, 1988] .
Event Selection
For the event selection the entire available VEX data set was used from 30 April 2006 to 12 October 2014. The peak magnetic field of the magnetic barrier was obtained for each orbit. The magnetic barrier was identified in the dayside magnetosheath as the region with the highest magnetic field. Table 1 contains the distribution of the peak magnetic field values of the magnetic barrier for every possible orbit during the entire time period. Due to the gaps in the MAG data it was not possible to consider all orbits. Nearly 2600 orbits were investigated, and it was found that the average of the peak values is approximately 42 nT. We were interested in the cases when the peak of the magnetic field was significantly higher than this value. For this purpose we selected the events with peak values higher than 65 nT, resulting in the identification of 152 events of interest (highlighted bins in Table 1 ).
Further investigation was required to confirm that the anomalous magnetic field intensities are due to ICMEs and to distinguish them from other space weather phenomena.
We used increase in the IMF which is followed by increase in the solar wind proton velocity and density as identification criteria in the in situ data [Edberg et al., 2011] . For the final confirmation of the events, the coronagraph images of the STEREO A and B and the SOHO spacecraft were also used. We searched for CMEs that propagate into the correct direction near the ecliptic plane and lift off 30-50 h before the in situ observations because they can confirm that the changes seen in the VEX data are due to ICME passages. The first column contains the bins of the peak intensity of the magnetic field in the magnetic barrier, while columns 2-10 contain the absolute (number of events) and relative (in %) occurrence for 9 years from 2006 to 2014. In this study we are interested in the events with higher than 65 nT peak value (bins in bold). 4. An Example Case: ICME Passage at Venus on 5-6 November 2011
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An example of the interaction of the ICME and the induced magnetosphere of Venus is presented in Figures 1-3 , where the ICME passage on 5-6 November 2011 will be analyzed. Here we show the 5 November 2011 event. Figure 1 shows the orbit geometry of VEX during this event. The spacecraft orbit is marked with a blue line, while the black lines show the estimated position of the nominal bow shock based on the fitted paraboloid by Martinecz et al. [2009] with the following parameters: eccentricity ε = 1.056, semilatus rectum L = 1.303 R V , and focus point located at (x, y, and z) = (0.788, 0, and 0) R V . Figure 1 is presented in the Venus Solar Orbit (VSO) coordinates, where the X VSO axis lies on the Sun-Venus line and points toward the Sun, the Z VSO axis is perpendicular to the orbital plane of the planet pointing toward the ecliptic north, and the Y VSO axis completes the right-hand triad pointing approximately in the direction opposite to the Venus orbital motion. In Figure 1 we use the cylindrical coordinate system with X VSO on the horizontal axis, and the vertical axis is the distance from the X VSO which is calculated as (
. In this case the orbit plane of VEX was nearly parallel to the X VSO -Z VSO plane, and therefore, the nose and the flank of the bow shock were both surveyed. In Figure 1 , the colored dots have the following meaning: green dot: detection of the arrival of the interplanetary shock; blue and red dots: inbound and last outbound bow shock crossings, respectively; purple dots: inbound and outbound ICB crossings; and gray dots: locations of the eight multiple bow shock crossings at the flank before the last outbound crossing (red dot).
In Figure 2 the magnetic field data on 5 and 6 November 2011 are presented. The arrival of the ICME-driven shock (vertical green line) was observed on 5 November 2011 at 03:30 UT, and it can be recognized due to sudden increase of the IMF magnitude. It was distinguished from the bow shock based on the solar wind proton velocity measurements: at the interplanetary shock the velocity suddenly increased, while at the Venus bow shock the velocity dropped. VEX observed an inbound bow shock crossing on the day of the ICME arrival at 07:00 UT. The peak of magnetic field intensity in the magnetic barrier at this time reached 230 nT.
The second vertical red line at 12:30 UT on 5 November denotes the final outbound bow shock crossing after eight alternating inbound and outbound crossings. These encounters are marked by small vertical lines in Figure 2 . During these bow shock movements the bow shock distance was increased and unfortunately located at a position where the ELS and IMA sensors of the ASPERA-4 experiment did not provide data even though the VEX spacecraft crossed this region. Therefore, the encounters were identified only based on spikes seen in the magnetic field data. During the following orbit on 6 November, the two vertical red lines at 07:00 UT and 10:00 UT represent inbound and outbound bow shock crossings, respectively. We observe based on the magnetic field data on 5 and 6 November 2011 that the elapsed time between the first inbound and last outbound bow shock crossings is significantly longer on 5 November 2011 (4.5 h) compared to the following day with quiet solar wind conditions (3 h). This is due to the increased bow shock distance on 5 November 2011, which is discussed in details in the following sections. It can be seen that after the last outbound bow shock crossing, the magnitude of the IMF decreased gradually and it reached its near-average angles of the magnetic field in the VSO coordinate system. The analysis of these angles can be used to identify magnetic structures including magnetic clouds since the rotation of the magnetic field can be displayed well with these angles [Lepping et al., 2005] . During the period shaded in gray (from approximately 08:30 UT 5 November to 01:00 UT 6 November), the magnetic field displays smooth rotations. The observed changes of these angles and the magnetic field components are typical features of the passage of magnetic clouds [Lepping et al., 2005] . The gray area overlaps with the VEX observations in the Venusian magnetotail, which means that the signatures of the magnetic cloud passage were observed inside the induced magnetosphere of this planet as well as after the multiple bow shock crossings on 5 November. We note that the observed pattern of the magnetic field is very unusual and the magnetic cloudinduced magnetosphere interaction was observed in only 6 out of 42 investigated ICMEs. Figure 3 shows the measurements of the ASPERA-4 and MAG instruments near the ion composition boundary. In Figure 3a , we show the observations during the passage of the ICME which arrived at Venus on 5 November 2011, while in Figure 3b , the measurements on a quiet day (2 days after the ICME) are presented. For both days we show the heavy ion energy spectrogram, the proton energy spectrogram, and the magnetic field measurements. On 5 November 2011, VEX crossed the bow shock at 07:00 UT. After passing through the bow shock VEX entered the magnetosheath, which is marked with light blue shading. At 7:06 UT, the spacecraft reached the outer boundary of the magnetic barrier, which is the altitude where the external solar wind dynamic pressure is equal to the magnetic pressure in the induced magnetosphere [Zhang et al., 2008a] . The time interval in which the magnetic pressure dominates over all other pressure contributions is marked with dark gray in Figure 3a (bottom) and is identified as the magnetic barrier. On 5 November 2011, VEX crossed the ion composition boundary at 07:10 UT which can be recognized as the first appearance of significant heavy ion fluxes. This is denoted with the first vertical red line. The outbound crossing was observed at 07:47 UT and was associated with (Figure 3a , bottom) changed sign abruptly which is the signature of the magnetotail current sheet crossing . Under normal conditions the magnetotail current sheet is filled by heavy ions with energies in the range of 500-1000 eV . During the passage of the ICME the energies of the heavy ions in this region increased with an order of magnitude. We identified the heavy ions in this region as pickup ions [McEnulty et al., 2010] . Figures 3a and 3b , the top plots show the heavy ion energy spectrogram, and the middle plots show the proton energy spectrogram. In the bottom plots, the magnetic field components are presented in VSO coordinates. The ICB crossings are denoted with red vertical lines. In the panels of the heavy ion and proton spectra, the Y axis represents the energy/charge ratio, and the colors are related to the number of the counts in the energy bins.
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For the quiet day ( Figure 3b ) the inbound and outbound ICB crossings happened at 07:17 and 08:13 UT, respectively, and are again denoted with vertical red lines. We observe that the elapsed time between the inbound and outbound ICB crossings during the passage of the ICME on 5 November 2011 was significantly shorter (37 min) than on the quiet day on 7 November 2011 (56 min).
Statistical Analysis of All ICME Passages During VEX Observations
Based on the selection method described in section 3, we found 42 events between April 2006 and October 2014 that could be clearly related to ICME passages. The dates when these ICMEs reached Venus are summarized in Table 2 . In the third and fourth columns, the observation of interplanetary shocks and the interaction between the magnetic cloud and the induced magnetosphere of Venus are denoted with ticks. 
Solar Wind Parameters
In this section we present a statistical analysis of the solar wind proton density, temperature, velocity, and IMF for the 42 ICME passages.
In Figure 4 the observed solar wind parameters are shown for the 42 investigated cases. Twenty minute average was considered before inbound bow shock crossings on each day. The data for 10 consecutive days are presented. The days are marked with numbers from À4 to 5. The number 0 represents the day of the ICME arrival at Venus. The data on day 0 were always measured inside the arriving ICME. The data points on each day are marked with blue circles, while the median and average values of each bin are in green and red, respectively. In Figure 4e , the B norm is equivalent to the X component of the magnetic field in the VSO system. In order to make these magnetic field measurements easily comparable, the positive and negative signs are omitted and the absolute values are presented. The tangential component in Figure 4f was derived with the following formula:
According to Figures 4a-4c , the density of the solar wind was enhanced slightly while the temperature of protons increased significantly on day 0 compared to the previous days. In most of the cases, the solar wind velocity increased on day 0 and remained enhanced on day 1 as well. The magnetic fields in Figure 4 . Twenty minute average of the solar wind parameters before inbound bow shock crossing in the analyzed 42 cases. Ten day periods are presented which are centered on the day the ICME arrived at Venus (day 0). The data points on each day are marked with blue circles, while the median and average values of each bin (each day) are in green and red, respectively. The (a) proton density, (b) proton temperature, (c) solar wind proton velocity, (d) angle between the IMF and the X VSO axis, (e) normal, and (f ) tangential components of the IMF are presented. The magnetic field measurements (Figures 4d-4f ) are based on the VSO coordinate system.
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Figures 4d-4f show that the direction of the IMF with respect to the X VSO axis changed and was closest to 90°during the ICME. In Figure 4e , the normal component of the IMF was higher than average on day 0 in several cases, but the average and median values show that on a statistical basis, the increase of this magnetic field component was not significant. In Figure 4f , the tangential component of the IMF is presented, and it can be seen that average and median values on day 0 nearly doubled compared to the other days. We also note that the B tan remained unusually high even on day 1 in most of the cases.
Bow Shock Positions
The position of the Venusian bow shock was studied during the ICME passages. The location of the bow shock was identified with the use of the MAG, ELS, and IMA data. In a few cases the bow shock distance was increased to altitudes where the ASPERA-4 and ELS instruments did not provide data. In these cases we rely only on MAG magnetic field measurements. We have sorted the events into two groups by differentiating cases where there was no magnetic cloud (only ICME shock and sheath) observed by VEX (36 cases) and cases where there was a clear signature of a magnetic cloud passage at Venus (6 cases). During the 36 ICME sheath cases ( Figure 5, left) , the bow shock remained unchanged, while in the six magnetic cloud events ( Figure 5 , right), we observed a largely expanded bow shock even at distances above 10 R V . We also note that in some cases the bow shock position remained anomalous on day 1 as well.
Properties of the Magnetic Barrier
In this section we discuss the observations of the magnetic barrier during ICME passages. The magnetic field of the magnetic barrier was our event selection criterion (field strength greater than 65 nT); therefore, we focus here on other parameters: the position of the upper boundary and the plasma parameters of this region.
In Figure 6 , we present the position of the upper boundary of the magnetic barrier for the 42 events. The Y axis shows the altitude measured from the surface of Venus, while the X axis shows the solar zenith angle. The green dots show the position of the upper boundary on day 0, while the blue ones show positions for the other days. The position of the upper boundary was determined as the altitude where the solar wind dynamic pressure and the magnetic pressure were equal Figure 6 . Position of the upper boundary of the magnetic barrier as a function of the solar zenith angle for the 42 events. The position on the day when the ICME arrived at Venus is denoted with green circles, while the blue ones represent the rest of the days. The black line shows the boundary below which VEX did not enter. The green marks show the bow shock crossings (including the multiple bow shock crossings as well) on the day when the ICME arrived at Venus, the red dots represent the bow shock location during the following day, and the rest of the days are marked with blue dots. (left) Thirty-six cases when the interaction between the magnetic cloud and the induced magnetosphere was not observed and (right) six cases when the signature of the passing magnetic cloud was detected.
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Although there is some scattering in the data, it can be seen that the position of the upper boundary was not anomalously close or far from its nominal position during the ICME passages and we cannot see such outliers like in the case of the bow shock crossings in Figure 5 . Figure 7 shows the average proton density ( Figure 7a ) and proton temperature (Figure 7b ) of the magnetic barrier for the 42 investigated cases. These average values are given for the 10 consecutive days around the ICME arrivals (as in Figure 4 ) and are calculated from the plasma measurements made between the upper boundary of the magnetic barrier and the ICB crossings. In Figure 7a , it can be seen that the proton density significantly increased on day 0. The proton temperature data in Figure 7b show that although there were some outliers, the median and average values of the proton temperature were not enhanced during the ICME passages.
Position of the Ion Composition Boundary
In this section we study the position of the ICB as a function of the space weather at Venus. We show three examples of observed ICB positions from our event list (Table 1) in Figure 8 , where the black line shows the average position of the nominal ICB based on the fitted model by Martinecz et al. [2009] . The following parameters were used for the fitting: the dayside (X VSO > 0) is fitted with a circle (r circle = 1.109 R V ) and the nightside (X VSO < 0) is approximated with Figure 8 . Three examples from the investigated events to show the ICB variations during ICME passages. Note that the ASPERA-4 data were not always available; therefore, there can be less than 10 inbound and outbound crossings presented here. Figure 8 , 10 day intervals are presented, and the red and blue dots show the inbound and outbound ICB crossings, respectively. The blue line shows the VEX orbit on the day when the ICME arrived at Venus. The VEX orbit plane changes constantly; therefore, during the days before and after the ICME passage, VEX crossed the ICB at different locations. This is the reason not all the dots are on the blue line. The panels show that on the dayside, the location of the ICB remained unchanged during the ICME passage. On the nightside the altitude of the ICB decreased significantly on day 0. These cases are considered to be anomalous because they significantly deviate from the average ICB distances on the nightside in the 10 consecutive day intervals, being usually the closest ICB crossings to Venus in those periods.
We investigate the elapsed time between the inbound and outbound ICB crossings for the 42 events in Figure 9 . This figure has the same format as Figures 4 and 7 . The orbit plane of VEX was different in each of the cases, and the elapsed time between the inbound and outbound ICB crossings was influenced by this factor. In order to make the different orbits easily comparable, the following normalization was used: the elapsed time between the inbound and outbound ICB crossings in the 10 day intervals were divided by the elapsed time on day 0 when the ICME arrived. In this way it was possible to analyze how the elapsed time changed during the ICME passages as compared to the other quiet days. Figure 9 shows that on day 0, i.e., when the ICME arrived, the elapsed time between the inbound and outbound ICB crossings decreased as compared to the other days. On average, VEX spent nearly 33% less time in the ionosphere on day 0 than on the quiet days when no ICME was observed.
Discussion
In this study we presented a statistical analysis based on the peak magnetic field magnitude of the magnetic barrier. We were interested in the cases when the magnetic field was anomalously large (above 65 nT) in the magnetic barrier. Using the entire available VEX data set (approximately 2600 orbits), we found that 152 events met this requirement. After careful analysis, we selected 42 of them that could be associated with the passage of ICMEs. We analyzed the solar wind parameters, the position of the bow shock, the position of the ICB, and the size and plasma parameters of the magnetic barrier during these events.
We investigated the effects of 42 ICMEs and found that 36 out of them (83%) drove interplanetary shocks. In the cases of the ICMEs that drove interplanetary shocks, the peak magnetic field magnitude of the magnetic barrier was approximately 234 nT, while during the nonshock events, it was only approximately 91 nT. All the ICMEs that did not drive interplanetary shocks were observed during the period of -2009 . Jian et al. [2013 surveyed the ICME parameters in the raising phase of the recent solar cycle based on the STEREO spacecraft data. The ICME shock rate was low during the period of 2006-2009 (2006: 60%, 2007: 30%, 2008: 0%, and 2009: 30%) , while in 2010 and 2011, it reached 50%.
The investigation of the solar wind parameters in front of the inbound bow shock crossings at Venus showed that both the solar wind proton density and the proton temperature increased significantly during the ICME passages. The solar wind velocity was enhanced on day 0 and remained higher than usual on day 1 as well. The sudden increase of the solar wind dynamic pressure due to the interplanetary shock caused a pressure pulse that interacted with the plasma environment of Venus. 
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The bow shock position was discussed separately depending on the observation of magnetic clouds. We found that the unusually large bow shock distances are due to the magnetic cloud passages. These are considered to be rare events since only 6 of the 42 cases showed the signature of this interaction. The magnetosonic Mach numbers (M ms ) for these six events are shown in Table 3 . This parameter is very important since the position of the bow shock is primarily the function of the upstream magnetosonic Mach number. The bow shock distance is inversely proportional to the upstream M ms [Edberg et al., 2010] . The M ms values of the undisturbed solar wind, the ICME sheath region, and the magnetic cloud are presented. It can be seen that the M ms inside the magnetic clouds always approaches unity, which then explains why during magnetic cloud passages the bow shock was always found at large distances from the planet. Based on our observations we can say that the M ms has the dominant influence on the location of the Venusian bow shock since the M ms has lowest values during the magnetic cloud passage.
The observed size and the plasma parameters of the magnetic barrier were also analyzed. The thickness of the barrier did not change during the ICME passages. Neither the position of its upper boundary nor its lower boundary (the dayside ICB) was affected by the ICMEs. This finding implies that the anomalously large magnetic field in this region is due to the increased pileup of the IMF magnetic field lines and not due to the compression of the barrier during the ICME passage. The solar wind proton density increased at the barrier, which can be explained with the increased density of the plasma in the ICME (e.g., more protons entered the magnetic barrier). Since the solar wind proton temperature was enhanced before inbound bow shock crossings, we expected that the proton temperature is increased in the barrier as well. However, the proton temperature at the barrier was average during the ICME passages. This implies that after passing through the bow shock, the cooling of the solar wind protons took place in the magnetosheath before reaching the magnetic barrier.
The elapsed time between the inbound and outbound ICB crossings decreased on the day when the ICME arrived. The analysis of the dayside altitude of the ICB showed that it was not affected by the ICME. The position of the ICB at the nightside was found closer to the planet which explains why VEX spent less time in the ionosphere. Our analysis of the ionosphere showed that one of the most significant differences between the response of the Venusian and Martian ionospheres is that the Martian ionosphere extended at the nightside during the passage of the ICME sheath region [Morgan et al., 2014] , while at Venus, it was observed that the nightside ionosphere decreased.
Conclusions
We have studied the induced magnetosphere of Venus when the magnetic field magnitude of the magnetic barrier was anomalously large due to ICME passages. We found that these ICMEs can be characterized with increased tangential magnetic field component and interplanetary shocks. We conclude that these two features have the most significant effect on the observed high magnetic field intensities of the magnetic barrier.
The effects of the ICME sheath region and the magnetic cloud on the bow shock were distinguished from each other. Anomalously large bow shock crossings occurred only during magnetic cloud passages. This is The M ms values before the arrival of the ICME, in the ICME sheath region, and in the magnetic cloud are presented.
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explained by the decreased magnetosonic Mach number during those periods. During the ICME sheath region passage the position of the bow shock remained unchanged.
The positions of the upper and lower boundaries of the magnetic barrier were not affected by the ICMEs. We conclude that the anomalously large magnetic field intensities are not related to the shrinking of the altitude of the magnetic barrier. We suggest that the anomalously large magnetic field is rather the result of the very intense magnetic field in the ICME sheath region which suddenly piles up in front of the obstacle.
